A study with positron emission tomography (PET) was performed on 10 patients with ischemic stroke and mild disability. The patients underwent cerebral angi ography, x-ray computed tomography (CT) scan and re gional cerebral measurements of CBF, CMR02, oxygen extraction ratio (OER), and cerebral blood volume (CBV). Only minor arterial involvement was detected by angiography. In all patients, PET images of fu nctional defects were more extensive than the corresponding CT hypodensity, and there were statistically significant re ductions in CBF, CMR02, and CBF/CBV ratio as com pared with control subjects. Half of the regions analyzed
Recent positron emission tomography (PET) and single-photon emission computed tomography (SPECT) studies of cerebrovascular disease in humans have demonstrated convincingly that the areas of impaired CBF and metabolism extend much further than the structural lesions observed in gross pathological sections or on x-ray computed tomography (CT) scans (Kuhl et aI., 1980; Lassen et aI., 1981; Lee et aI., 1982; Fazio et aI., 1983; Heiss et aI., 1983; Celesia et aI., 1984; Ginsberg et aI., 1984; Metter et aI., 1985; Brott et aI., 1986) . This discrepancy in size cannot be explained by the partial volume effect alone (Hoffman et aI., 1979; Mazziotta et aI., 1981) . Thus, it is still unclear whether the impaired areas surrounding cerebral infarcts are due to a state of "ischemic penumbra" or to selective neuronal death (incomplete infarc tion) as suggested by histological examination (Mies et aI., 1983; Strong et aI., 1983a,b; Lassen and Vostrup, 1984) . Primary metabolic depression in the affected hemisphere demonstrated a disruption of the normal coupling between CBF and CMR02 as re flected by OER values significantly higher or lower than those of the corresponding region of the contralateral hemisphere. The pathophysiological pattern of high OER combined with a reduction in CBF proportionally greater than the reduction in CMR02 was particularly indicative of regional chronic hemodynamic compromise in these patients. Key Words: Cerebral blood flow-Cerebral blood volume-Cerebral oxygen utilization-Ischemic stroke-Positron emission tomography.
in ipsilateral sites distant from infarction is attrib uted, according to the disconnection theories, to a loss of activating influences from the damaged area (Kuhl et aI., 1980; Phelps et aI., 1982; .
The oxygen-15 steady-state technique provides a simultaneous assessment of regional CBF, cerebral oxygen metabolism and CMR02 and the oxygen extraction ratio (OER) (Jones et aI., 1976; Fracko wiak et aI., 1980) . Disruption of the normal rela tionship of CBF and CMR02 with a relative in crease of OER is indicative of an unpaired oxygen carriage reserve. An absolute, maximal OER in crease characterizes a primary cerebral ischemic state (Lenzi et aI., 1978; Frackowiak, 1985a,b) . Thus, this technique may be used to test the hy pothesis that regional ischemia persists following an ischemic stroke.
PATIENTS AND METHODS

Patients
We studied 10 patients, of mean age 68 ± 7 years, with a previous history of a cerebrovascular ischemic acci dent. Patients were examined by PET from 2 months to 2 years after the onset of neurological symptoms. At this time all patients had made a good clinical recovery and were independent in their daily life. Seven patients com plained of slight residual hemiparesis and/or abnormal sensation on the affected side. In the other three cases, minimal signs of the previous cerebrovascular episode were apparent only after detailed neurological examina tion.
The side of the neurological deficit corresponded to the presence of a clearly defined, small hypodensity on the x-ray CT scan. The lesions were about one-fifth to one sixth of the volume of the involved hemisphere. No small lacunar infarctions were present in this series. Lesions seen by CT scan were all located to the territory of the middle cerebral artery (three were cortical, three in the basal ganglia, and the other four mainly in the subcortical white matter). Conventional or digital subtraction cere bral angiography, performed after the acute phase, showed minimal arteriosclerotic change in six cases. A moderate «70%) middle cerebral artery stenosis was de tected in three patients and a mild «30%) carotid ste nosis in one.
Methods
The oxygen-15 steady-state technique was used to measure CBF, CMR02, and OER (Frackowiak et al., 1980) . Cerebral blood volume (CBV) was measured by means of the IlCO inhalation method and used to correct the overestimation of OER values (Lammertsma and Jones, 1983) . Serial blood samples were obtained through a radial artery cannula, enabling reliable measurements of arterial isotope activity.
The tomography used was an ECAT II (EG&G ORTEC, U.S.A .), having a resolution of 17 and 18 mm in the transaxial and axial planes, respectively. Two planes were scanned in the territory of the middle cerebral ar tery at the orbitomeatal line (OM) + 5 cm and OM + 7 cm.
Correction was made for attenuation using Ger manium-68/Gallium-68 transmission scans performed on the same planes. The head position of patients was care fully set using light projectors. Head movements were monitored using a video sensor with an alarm system and corrected manually.
Data analysis
The plane that best corresponded to the CT scan plane showing the hypodensity was chosen for analysis. Thus, in six cases, data analysis was performed on plane OM + 5 cm and in four cases on plane OM + 7 cm.
A computer printout of the quantitative data was avail able and 2.9-cm 2 regions of interest were used for making measurements.
Sixteen standard contiguous regions of interest were analyzed, eight for each hemisphere and covering both superficial and deep territory of the middle cerebral ar tery. These regional measurements contained mixtures of unknown proportions of normal cortex and white matter as well as infarcted tissue. However, the main aim of this standardized analysis was to avoid subjective assessment of infarct location by rough comparison with the CT scan or by looking at the PET values.
Values for hemispheric CBF, OER, CMR02, and CBV were derived for each patient by taking the mean of the eight regions of interest examined. A percentage index of regional asymmetry was calculated for each parameter, comparing the values in the homologous regions of each hemisphere.
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Regional CBF, OER, CMR02, and CBV values of eight (2.9-cm 2 ) regions of interest were also contained from 18 healthy volunteers (mean age 60 ± 19 years). Comparing OER values between right and left hemispheres of these normal control subjects, there was a mean difference of 1 ± 6%. Thus, for the stroke patients in this study, asym metry in OER values of >2 SDs from the mean, that is, ± 13%, was considered significant. This value was very close to that of ± 12% adopted by Baron et al. (1983) using the same method.
RESULTS
In all patients the PET images showed areas of reduced CBF and CMR02 that were visibly larger than the CT hypodensity. A typical example of this discrepancy is shown in Fig. 1 . Ta ble 1 shows that the hemispheric means of CBF, CMR02, and CBF/ CBV ratio were significantly depressed in the symptomatic hemisphere as compared with the normal control group, while the values in the con tralateral unaffected hemisphere were within normal limits.
The interrelations between OER, CBF, and CMR02 are presented in Fig. 2 . The values on the affected side are expressed as percentages of the values on the unaffected side. The greatest reduc tions of CBF and CMR02 in the infarcted hemi sphere were accompanied by a percentage OER asymmetry significantly different from the value of ± 13%. This latter value represents the normal range of OER asymmetry between homologous re gions in each hemisphere as calculated in 18 control subjects (see Data analysis).
In Ta ble 2, the regions of interest of the infarcted hemisphere are divided into three subgroups ac cording to the degree of OER asymmetry. Groups I and II were characterized by regions of interest with percentage OER asymmetry, respectively, less than -13% and greater than + 13% as compared with normals. Group III had symmetrical OERs. Both Group I and Group II showed significant re duction in absolute CBF values when compared with Group III, while a significant decrease in CMR02 was found only for Group I.
DISCUSSION
The most interesting finding of this study is that a situation of regional uncoupling between CBF and oxygen metabolism may persist over a long period after a minor cerebrovascular episode. Half of the regions in the affected hemisphere showed a disruption of the CBF-CMR02 relationship, as re flected by the significant hemispheric asymmetry in OER values as compared with those of normal sub jects.
The pathophysiological pattern of low CBF, rela tive preservation of CMR02, and high OER oc curred more frequently (�30% of the regions of in terest analyzed) than the inverse pattern with a rel atively low OER (�20% of the regions of interest analyzed). The failure to demonstrate a significant global OER hemispheric asymmetry in our patients (Table 1) is explained by the simultaneous presence on the affected side of OER values, respectively, significantly lower and higher than those on the contralateral side.
A precarious and transient state of OER increase has been described during the first few days after stroke, reflecting a state of "critical perfusion" (Ackerman et al., 1981; Lenzi et al., 1982; Wise et al., 1983) , while in the chronic phase OER tends to be reduced in the infarcted area (Baron et al., 1978 Lenzi et al., 1982; Wise et al., 1983; Pantano et al., 1985) . It has been suggested that a low OER combined with a low CMR02 indicates tissue ne crosis (Frackowiak, 1985a) . We found that the fall , . . ' . ' . ,..: . , � . J.
: and CBF (upper), OER and CMR02 (center), and CBF and CMR02 (lower). The regional values of the stroke hemi sphere are expressed as a percentage of the contralateral values. Dotted lines indicate the limit of OER asymmetry re ferred to normal subjects. ROI, region of interest.
in OER appeared to be significant only when the CMR02 reduction was than �30% of the contralat eral side (Fig. 2) . Thus, the regions exhibiting a significant OER decrease probably correspond to 25.4 ± 8.5a 1.77 ± 0.5" 0.42 ± 0.06c 6.33 ± 2.5
Group II (% OER greater than + 13) 24 23.6 ± 8.6b 2.33 ± 0.7 0.53 ± 0.07d 6.55 ± 1. 9
Group III (% OER -13 to + 13) 40 31.0 ± 7. 9 2.63 ± 0.6 0.48 ± 0.07 7.85 ± 2.5
Groups I and II represent regions with an oxygen extraction ratio (OER) asymmetry (infarcted/contralateral hemisphere) , respectively, less than -13% and greater than + 13%. Group III shows an OER asymmetry within the normal limit.
a the presence of necrotic areas as identified on the x-ray CT scan of the patients. In these regions we found the lowest absolute values of CMR02 (Table  2 , Group I). However, these values are slightly higher than those recently reported for infarcted tissue using a different technique (Powers et aI., 1985) . The discrepancy may also have to do with the different sizes of the infarcted areas analyzed. Our analysis of infarctions of small size may have suffered from partial volume effects from sur rounding noninfarcted tissue, leading to the differ ence between our results and those of Powers et aI. (1985) in which the analysis was of large infarc tions. Note that in the latter analysis the primary aim was to identify the absolute threshold value useful for distinguishing viable from infarcted tissue, while the present study was devoted mainly to understanding the pathophysiological signifi cance of OER changes in chronic cerebrovascular disorders.
We found a relative increase of OER values in -30% of the regions analyzed in the affected hemi sphere ( Table 2 , Group 11). This OER elevation rep resents a compensation for a primary CBP limita tion, and it is suggestive of a progressive exhaus tion of the oxygen carriage reserve (Prackowiak, 1985b) . Experiments on animals have extensively dem onstrated the existence of persistent ischemia after infarction, associated with metabolic depression without neuronal damage (Symon et aI., 1974 (Symon et aI., , 1975 Astrup et aI., 1977) . This condition, termed "isch emic penumbra," affects the cortical areas sur rounding the center of the infarct (Astrup et aI., 1981) . The standardized analysis used in this study proved insufficient to establish whether or not the regions with increased OER were located at the pe riphery of the infarctions, although a subjective comparison with x-ray CT suggests that this may have been the case. Purther studies using new PET J Cereb Blood Flow Metab, Vol. 7, No.2, 1987 devices of higher resolution should better define the location of these regions.
A coupled mild depression of CMR02 and CBP without significant changes in the relative OER values was detected in the remaining regions ana lyzed (Table 2, Group III). As suggested by others , discon nection with deactivation of the cortex adjacent to the infarct might be the cause of this coupled CMR02 and CBP depression. That partial ischemic changes and functional suppression may coexist has been also reported in recent experiments with animals (Strong et aI., 1983a,b) . On the other hand, the same pattern would be expected in tissue with partial neuronal loss in the chronic phase.
In a study on patients with carotid occlusion, Gibbs et aI. (1984) found a decreased CBP/CBV ratio in the cerebral territories of the occluded ar teries. They suggested that this index was reliable in indicating the reduction in cerebral perfusion pressure and hence circulatory reserve. We found a decrease in CBP/CBV ratio in the affected hemi sphere to a value close to that reported by Gibbs et aI. (1984) , despite the absence of detectable major arterial involvement in our patients. However, the demonstration of cervical arteries without severe stenosis or occlusion has no bearing on focal hemo dynamics where local obstructions to flow (perhaps embolic) not visualized or visualizable by angiog raphy may play an important role.
It was unfortunate that we could show the trends in CBP, CMR02, and OER relationships (Pig. 2) only using relative values. However, comparison of regional differences between subjects using abso lute measurements is often difficult because of indi vidual variations and camera resolution. These variations may be physiological or due to method ological errors . In an attempt to determine the threshold separating vi able from infarcted areas, Baron et al. (1983) pointed out that relative thresholds, although pos sibly affected by a contralateral diaschisis, were more clearly defined than absolute values. Contra lateral hemispheric diaschisis has been described in the acute phase of stroke and particularly in pa tients with an impaired level of consciousness (Lenzi et aI., 1982) . This does not seem likely to affect our data in patients with a previous history of mild or moderate stroke and good recovery. Fur thermore, the contralateral hemisphere of our pa tients did not show CBF and CMR02 values signifi cantly different from those of the normal control group.
In summary, this study demonstrates that a het erogeneous pattern of persistent changes in the normal coupling between CBF and cerebral metab olism can be detected for a long time after an isch emic stroke. These changes may reflect the degree of tissue damage and disturbance of normal homeo static mechanisms occurring after a cerebrovas cular event.
